BACKGROUND: There is overwhelming evidence that experiences during early life could have long-term health consequences. However, the role of early nutrition in programming obesity and leptin resistance is still poorly understood. OBJECTIVE: We aimed at determining whether nutritional intakes in early life are associated with body composition and hormonal status at 20 years. SUBJECTS: Healthy infants participating in the two-decade-long prospective ELANCE (Etude Longitudinale Alimentation Nutrition Croissance des Enfants) study were examined at 10 months and 2 years. At 20 years, weight, height, subscapular and triceps skinfold thicknesses, fat mass (FM) and fat-free mass (FFM) assessed via bioelectrical impedance analysis, and serum leptin concentration were recorded in 73 subjects still participating in the follow-up. RESULTS: In adjusted linear regression models, an increase by 100 kcal in energy intake at 2 years was associated with higher subscapular skinfold thickness (b ¼ 6.4% SF, 95% confidence interval 2.53-10.30, P ¼ 0.002) and higher FFM (0.50 kg, 0.06-0.95, P ¼ 0.03) at 20 years. An increase by 1% energy from fat at 2 years was associated with lower subscapular skinfold thickness ( À 2.3% SF, À 4.41 to À 0.18, P ¼ 0.03), lower FM ( À 0.31 kg, À 0.60 to À 0.01, P ¼ 0.04) and lower serum leptin concentration ( À 0.21 mg l À 1 , À 0.39 to À 0.03, P ¼ 0.02) at 20 years. CONCLUSIONS: Fat intake in early life was negatively associated with body fat (particularly at the trunk site) and serum leptin concentration at 20 years, suggesting that early low-fat intake could increase the susceptibility to develop overweight and leptin resistance at later ages. These findings substantiate current recommendations against restricting fat intake in early life and open new directions for investigating the origin of obesity.
INTRODUCTION
The influence of early-life factors on adult body weight and health has generated substantial interest in recent years. The associations between low birth weight, rapid growth, stunting or early adiposity rebound with increased risk of obesity and metabolic diseases [1] [2] [3] [4] [5] suggest that early environmental factors might program mechanisms 6 that could be detrimental in later life. Nutrition is frequently regarded as playing an important role, yet apart from the impact of breast feeding, 7 very few studies have investigated the long-term health consequences of early feeding practices. Whereas high-fat intake is often postulated as being a major contributor to obesity, no convincing evidence supports that link during the childhood years. [8] [9] [10] In addition, since the last decades, obesity was increasing while fat intake was decreasing, 11, 12 reaching low levels in early childhood. 13 Nutrition can act directly on body composition through energy balance or indirectly through hormones regulating the body weight. 14 These effects can be mediated at least in part through epigenetic processes. 15 The programming of leptin resistance, might be one mechanism through which early nutrition could influence body fat development.
We have previously demonstrated that high-protein intake at the age of 2 years was associated with an early adiposity rebound and increased body fatness at 8 years. 16 In the present analysis, we utilize the same cohort of healthy French children followed through the age of 20 years and we investigate how total energy and macronutrient intakes at the ages of 10 months and 2 years relate to body composition and serum leptin concentration in adulthood.
SUBJECTS AND METHODS

Study design and population
In this two-decade-long prospective study of nutrition and growth, healthy infants born in 1984-1985 were invited for a free examination at the ages of 10 months, 2 and 4 years in health centers for children. 16 The subjects were randomly selected in the center, without eligibility criteria. Subsequently, only those who had at least two such visits (at 10 months and 2 years or 10 months and 4 years; N ¼ 222) were selected to participate in the follow-up and 126 mothers accepted the visit of the dietician at home. Thus, 126 children were examined at the age of 6 years; 112-at 8 years; 104-at 10 years; 97-at 14 years; and 94-at 16 years. At the age of 20 years, the cohort was invited for a new visit in a health center for adults. The final sample size was restricted to the 73 subjects remaining in the follow-up.
The ethics committee of the Paris Cochin Hospital approved the study (CCPPRB n12179). Written informed consent was obtained from the parents during the follow-up and from each participant at the age of 20 years.
Data collection
Food intake was assessed via the 'dietary history method' by the same dietician (MD), as described previously. 16 Briefly, the mother (occasionally the father) was interviewed for B45 min about the eating pattern of the child during the month preceding the interview. When children were fed out of home, information about the child's intake was obtained from the caregiver. Relevant confounders of the association between early nutrition and obesity identified in the literature (breast feeding, mother's weight and height and father's profession) were obtained during the interview when the child's age was 10 months.
Body measurements at the age of 20 years were performed in the health center for adults by the same trained investigator (MD) following standardized procedures. 17 All participants were examined in the morning in a fasting state, wearing light underwear. Height was measured to the nearest 0.1 cm with a wall-mounted Seca 240 stadiometer (Seca GmbH & Co. KG, Hamburg, Germany). Weight was measured as part of the bioelectrical impedance analysis procedure to the nearest 0.1 kg. Skinfold thickness was measured at the subscapular and triceps sites to the nearest 0.1 mm with a Harpenden calliper. Body composition was assessed via the eight electrodes Tanita Impedance BC-418 instrument (Tanita Corporation, Tokyo, Japan) after a 30-min rest. Fat mass (FM) and fat-free mass (FFM) were derived from the bioelectrical impedance analysis manufacturer's equations.
Fasting blood samples were collected at the age of 20 years during the health center visit. Leptin concentrations (assessed with kits from Diagnostic Systems Laboratories, Inc., Webster, TX, USA) were measured in duplicate on plasma samples and stored at À 80 1C. The detection limit of the assays was 0.10 mg l À 1 . Within-run coefficients of variation were o5%.
Statistical analysis
We calculated the body mass index (BMI; the weight in kilograms divided by the squared height in meters) for each participant. Comparisons between characteristics of subjects who were followed up to the age of 20 years and those who were lost to follow-up or comparisons between genders were based on Student's t test except for subscapular skinfold for which Wilcoxon Mann-Whitney test was used because the distribution was skewed. Before fitting linear regression models, the skinfolds were log(e) transformed and multiplied by 100. Thus, the regression coefficients are in units of percent skinfold per unit of each independent variable. 18 Comparisons of anthropometric measurements between subjects who were breast fed or not breast fed were based on Student's t test. To adjust for gender, measurements were converted into standard deviation score. The associations between dietary intakes at 10 months and 2 years, and adult measurements (body composition and serum leptin concentration) were analyzed using linear regression models. In 'crude models', regressions were gender adjusted and for analyses with nutrients (expressed as energy percentages), total energy was added in the models in accordance with the adjusted multivariate nutrient density model proposed by Willett. 19 This approach is particularly adapted to investigate the role of qualitative aspect or composition of the diet which is of primary interest in relation to disease risk and is useful for dietary public health recommendations. For analysis with FM and FFM as outcome variables, body height was further added to the models. In 'adjusted models', mother's BMI, breast feeding (breast fed, defined as any kind of breast feeding, including partial breast feeding whatever the duration, vs non-breast fed), father's profession (unskilled/semiskilled vs skilled/ professional) were added to the crude models.
All analyses were carried out with SAS V9.2 (SAS Institute, Cary, NC, USA) with the significance level set at 0.05 (two sided).
RESULTS
Subjects who were followed up to the age of 20 years and those who were lost to follow-up had similar characteristics at baseline. Anthropometric measurements (weight and length at birth; weight, length/height, BMI and skinfolds at 10 months and 2 years), breast feeding (frequency and duration) and nutritional intakes (energy and macronutrients) at 10 months and 2 years did not differ between the two groups (all P40.05). Seventy-three subjets (40 men) participated in the follow-up from the age of 10 months until 20 years. Body measurements at birth and 20 years, and hormonal status at 20 years are presented Table 1 . Nutritional intakes at 10 months and 2 years are presented Table 2 . Sixty-four percent of the children had been breast fed, and maximum duration of breast feeding was 7.5 months. At 10 months, 44% of the children consumed infant formula (either exclusively (30%) or in combination with other milks (14%)). The remaining 56% subjects consumed either whole cow's milk (20%) or low-fat milk (36%). At 2 years, none of the subjects consumed formula, 33% consumed whole cow's milk and 67% low-fat milk. Subjects who were not breast fed tended to have higher subscapular skinfold thickness (standard deviation score) than those who were breast fed ( þ 0.25±0.96 vs À 0.16±0.96, respectively; P ¼ 0.091). No differences between breast-fed and non breast-fed subjects were recorded for the other body measurements (all P40.05). Father's occupation was as follows: 61% unskilled or semiskilled and 39% skilled or professionals. Mean BMI of the mother was 21.4±2.7 kg m À 2 . At the child's birth, mother's parity was: 53% with 1 child, 38% with 2 or 3 children and 9% with X4 children.
At 10 months of age, fat intake was negatively associated with BMI and FM at 20 years in the crudes models, and there was a trend of negative associations in the adjusted models (Table 3) . Saturated (SFA), monounsaturated (MUFA) or polyunsaturated (PUFA) fats were not associated with adult measurements (all P40.05). No significant associations were found between intakes of energy, protein or carbohydrates (CHO) and adult body measurements, although protein intake tended to be positively associated with adult subscapular skinfold in the crude model. Energy intake tended to be positively associated with BMI, FFM and leptin concentration in crude and adjusted models.
At 2 years of age, fat intake was negatively associated with adult subscapular skinfold, FM and leptin concentration in crude and Fat intake in early childhood and adult body fat MF Rolland-Cachera et al adjusted models, however, the association with the triceps skinfold was not significant (Table 4) . SFA was negatively associated with the subscapular skinfold at 20 years (an increase by 1% energy from SFA at 2 years was associated with lower skinfold thickness ( À 4.4% SF, 95% confidence interval À 8.25 to À 0.54, P ¼ 0.03)) in the adjusted model. There was no association between SFA and leptin or FM (P40.05). MUFA and PUFA were not associated with adult measurements (all P40.05). Energy intake was positively associated with BMI, subscapular skinfold and FFM in crude models and the associations remained significant for subscapular skinfold and FFM in the adjusted models. Intake of protein was not associated with any of the measurements at 20 years. CHO intake was positively associated with adult FM and leptin concentration, but the associations were attenuated in the adjusted models, becaming nonsignificant for FM and leptin concentration, although there was a trend of positive association with leptin.
DISCUSSION
With this prospective cohort study, where participants were followed over most period of growth, we extend previous findings about the association between early dietary intakes and childhood body fat. 16 The main result of the present analysis holds that low-fat intakes in the first 2 years of life were associated with higher body fat, particularly at the trunk site, and higher serum leptin concentration at adult age, thus suggesting deleterious consequences of restricting fat intake in early life.
Nutrient balance in early life
In this study, nutritional intakes were assessed during the period of 'plasticity' that takes place between fetal life and 2 years of age, when adequate nutrition is essential for the prevention of adult Adjusted for gender and height.
f Adjusted for gender, height, breast feeding, mother's BMI and father's occupation.
Fat intake in early childhood and adult body fat MF Rolland-Cachera et al diseases. 3, 20 During this early period of life, most children in our cohort 21 consumed the equivalent of more than four times their protein needs whereas dietary fat intakes were below current recommendations. 22, 23 According to the Food and Agricultural Organization, 23 dietary fat should contribute to 40-60% energy during the first 6 months of life and should decrease gradually to 35% from 6 to 24 months.
The low-fat and high-protein levels reported in our study are consistent with current reports of the diet of 8-to 24-month-old children in various industrialized countries, which contains about 16% energy from proteins and 26-35% from fats. 13, [24] [25] [26] [27] [28] [29] Similar to our study, fat intake (% energy) was 33% in US toddlers 28 showing that many children had intakes below recommendations. 30 This nutrient composition is in sharp contrast with the composition of breast milk, which has low-protein (7%) and high-fat (55%) contents. 22, 24, 31 A high-protein diet can have deleterious consequences by stimulating growth, 32 which is a risk factor for later diseases. 33 Reduction of fat intakes is not recommended because lipids constitute the main energy source in infants whose energy needs are particularly elevated, and because lipids are important structural components of neural and other body tissues. 22, 24 Fat intake in early life and body fat at adult age Although there is a general agreement that diet has an important role in obesity development, reviews on the relative importance of various dietary factors are largely inconclusive. [8] [9] [10] 22, 24, 31 More consistent results are available regarding the long-term consequences of undernutrition in fetal life 1, 4, 34 or early childhood, 3, 6, 22 particularly, when restrictions are followed by relative overnutrition. [34] [35] [36] In developing countries, weaning foods are low in protein, slowing down growth thus saving energy, while in industrialized countries, the diet is high in protein, stimulating growth and increasing energy demand. Besides these differences, there is a common point between the two situations. Low-fat diets are reported in young children from both developing and industrialized countries, 22, 24, 31 and obesity is present in the two contexts. These observations could suggest a specific role of fat restriction in programming later risks. Low-fat intakes in early life may promote adaptive metabolism to prevent underweight, but such anticipatory strategy 35 may increase the susceptibility to develop obesity in individuals exposed to high-fat diets later in life. [37] [38] [39] Indeed, in our study, fat intake was low in early childhood and subsequently increased with age. Mean energy from fat was 28% at 10 months, 32% at 2 years and 38% from the age of 8 years until adulthood. 21 Similar mismatch was recorded in Danish children, who consumed 31% energy as fat at the age of 9 months and 36% at 10 years. 26 Low-fat diets given to young children in many industrialized countries mainly result from the use of purposely manipulated foods such as low-fat dairy products (a practice that started over three decades ago), 8, 24, 31 for preventing obesity or cardiovascular diseases. 22, 24 However, obesity has been on the rise while fat intake has been declining, 8, 29 perhaps contributing to the obesity epidemic. 29 Quantitative and qualitative aspects of lipids in promoting adiposity have generated substantial interest in adults 40 and children. 22, 41, 42 The low-fat diets consumed by young children is the consequence of the current use of low-fat milk (by two-third of 2-year-old toddlers in our study), which is reduced in SFA. The negative association we found between early SFA intake and adult subscapular skinfold could simply reflect the deleterious effect of restricting fat intake. Besides, it is worth noting that human milk, which has protective effects on the risk of overweight, 7 contains high amounts of SFA 22, 43 and that breast-fed infants can ingest a higher % of energy from SFA and less PUFA than non breast-fed infants. 43 We did not find any association with the other types of fats, while previous studies Adjusted for gender and height.
Fat intake in early childhood and adult body fat MF Rolland-Cachera et al have shown long-term effects of PUFA and long-chain PUFA on adiposity. 41, 42 However, our results are difficult to interpret as information on n-3 or n-6 PUFA was not available.
Finally, the association between early low-energy-dense diet and high skinfold thickness at the trunk but not at the arm site is consistent with the association reported between low birth weight (reflecting prenatal undernutrition) and later android body fat pattern. 44, 45 Fat intake in early life and hormonal status at adult age Leptin is a hormone that regulates body weight by modulating appetite and fat oxydation.
14 These actions are altered in the obese who have both high-fat stores and elevated leptin levels. Increased leptin concentration could be a consequence of higher FM, but this paradoxical situation is indicative of leptin resistance. The association of low-fat intake at the age of 2 years with high body fat stores and high serum leptin concentration at adult age we report here suggests that leptin resistance could have been programmed by the early restriction of dietary fat. Once again, more evidence for the association between early nutrition and later risks appear in the context of undernutrition. Serum leptin concentration is reduced in low birth weight babies, 46 but on the long-term, prenatal 47 or early-life undernutrition 38 have been associated with high leptin concentration and increased body fat, 38 suggesting leptin resistance. In line with such findings, we hypothesize that, in a first phase, low-fat intake may result in decreased serum leptin concentration, thus programming compensatory metabolic responses 48 or affecting neural structures 49 leading to an increased risk of later obesity and leptin resistance. The beneficial role of leptin in early life was suggested by the substantial amount of leptin in breastmilk 50 and by animal studies showing that the consequences of maternal undernutrition could be reversed by injecting leptin during the suckling period. 51 Protein, CHO and energy intakes in early life, and adult weight and hormonal status No significant associations were recorded between protein or CHO intakes in childhood and adult measurements. However, there was a trend of positive association between protein intake at 10 months and adult subscapular skinfold, which is consistent with results from other studies. 21 High-protein intake seems to particularly affect growth patterns. 16, 26, 32, 52 Rapid growth, an early adiposity rebound or childhood overweight may have deleterious health consequences, 2,33,53-55 perhaps even in the absence of adult overweight. 55 Further, energy intake at 2 years was positively associated with FM and FFM but not with serum leptin concentration, likely because of a protective effect of high FFM. 56 Strengths and limitations of the study Two of the main strengths of the study include the long follow-up starting from early life and extending into adulthood, and the large number of variables available for analysis. All body and dietary measurements were performed by the same trained investigator. A limitation of the study is the small sample size, which could have led to reduced statistical power for detecting existing associations. In addition, a significant number of subjects were lost to follow-up, and the associations recorded here could be different among participants and nonparticipants, thus limiting the generalizability of the findings. Final measurements were recorded in a young adult population with a relatively low mean BMI. However, BMI does not represent body composition accurately. The increased fatness at the trunk but not at the arm site as a consequence of early low-fat intake can suggest that fat restriction affecting body fat pattern may increase metabolic risks even in the absence of excess overweight. In turn, the bioelectrical impedance analysis method has some limitations as compared with dual-energy X-ray absorptiometry, such as underestimating FM. 57 Further, reliable dietary data are difficult to obtain. Here, we used the diet history method, which is recommended in children because it has good agreement with energy expenditure assessed by doubly labeled water method. 58 It also has the advantage of a long measurement period and is therefore considered more representative of usual intakes than 7-day weighed dietary records. 58 Assessment can be facilitated in young children because they have more regular intakes from day to day and less opportunity of snacking without supervision of their parents or caregivers. In addition, in our study, all interviews were performed by the same investigator minimizing bias between subjects. The weak associations found with nutritional intakes at 10 months could be explained by the highly homogeneous composition of the diet, which is often based on infant formula in the first months of life. Although, in the present analysis, we adjusted for the usual confounding factors, other factors, such as the age at introduction of complementary feeding, should also be considered. 59 Finally, the association we found here between fat intake and adult body fat was recorded in a French population where, similar to various other industrialized countries, fat intake can be low in many young children. 13, [24] [25] [26] [27] [28] [29] [30] However, these results might not be generalizable to all types of populations and need to be replicated in different contexts.
CONCLUSION
In this two-decade-long prospective study, we could show for the first time that low-fat intake in early life was associated with increased body fat and serum leptin concentration at adult age, thus suggesting that early fat restriction could be a risk factor for leptin resistance and later metabolic diseases. These results reveal possible evidence for the origin of obesity in the context of industrialized countries where fat intake is often low in young children. The 'low-fat programming' we propose holds that restriction of dietary fat could decrease serum leptin concentration in early life and activate adaptive mechanisms through neurodevelopment, metabolic functions or gene expression. These early adaptations may then increase the susceptibility to develop overweight and metabolic diseases in later life. Our results substantiate current recommendations that fat intake should not be restricted in young children. The findings also underscore the importance of initiating obesity prevention in early life and suggest new directions for investigating the origin of obesity.
